Abstract The purpose of contrast-enhanced digital mammography (CEDM) is to facilitate detection and characterization of the lesions in the breast using intravenous injection of an iodinated contrast agent. CEDM produces iodine images with gray levels proportional to iodine concentration at each pixel, which can be considered as quantification of iodine. While dual-energy CEDM requires an accurate knowledge of the thickness of compressed breast for the quantification, it is known that the accuracy of the built-in thickness measurement is not satisfactory. Triple-energy CEDM, which can provide a third image, can alleviate the limitation of dual-energy CEDM. If triple exposure technique is applied, it can lead to increased risk of motion artifact. An energy-resolving photoncounting detector (PCD) that can acquire multispectral X-ray images can reduce the risk of motion artifact. In this research, an easily implementable method for iodine quantification in breast imaging was suggested, and it was applied to the images of breast phantom with various iodine concentrations. The iodine concentrations in breast phantom simulate lesions filled with different iodine concentrations in the breast. The result shows that the proposed method can quantify the iodine concentrations in breast phantom accurately.
Introduction
X-ray mammography is still an important tool in screening and diagnostic examination for early detection of breast cancer, for it is known that mammography examinations improve survival rates for breast cancers. Recent advances in a digital X-ray detector provide digital mammography system, which also gives opportunities for early detection of breast cancer. For early detection of breast cancer, the visibility of breast masses in the mammogram is very important. However, the superposition of glandular structures causes relatively low contrast, which limits detectability of cancer [1] . To enhance detectability of breast cancer, dual-energy contrast-enhanced digital mammography (CEDM) has been used as a technique with potential to improve the detection of breast carcinomas, which involves intravenous injections of iodinated contrast media, in conjunction with mammography examination [2, 3] . Currently, CEDM is not used as a screening method due to iodine injection which causes discomfort of patients. However, it has been reported that CEDM can be an alternative screening method to breast MRI for a high-risk group [4, 5] . Thus, the method to improve detectability of cancer by iodine injection seems to have the potential to be more widely used.
A possible limitation of current dual-energy CEDM comes from the fact that overlapping normal breast tissue structures can obscure the detection of iodine, and that just two images provide the solution to the two-variable equation [6] , while three variables that are required as the breast consists of three materials-adipose and glandular tissues and iodine. A priori knowledge of the breast thickness for each pixel is required to solve this problem using dual-energy CEDM. However, in many clinical mammography systems which employ a spring-loaded paddle, the physical thickness of the breast may not be uniform due to deformation and tilt of the compression paddle [7] . Furthermore, it is reported that the built-in thickness measurement is not accurate [8, 9] , which can affect the performance. Triple-energy CEDM, which provides a third image, has been considered to overcome the necessity of thickness information. Triple-energy approaches have been suggested for CT, fluoroscopy, and mammography [10] [11] [12] [13] [14] [15] . To apply tripleenergy method to mammography, three images for three energy bins should be acquired. The three-energy bin approach sometimes requires three exposures. However, it does not mean that a high dose is required. For example, a dose of each exposure can be controlled to be about 1/3 mGy. Then, three exposures will give a total dose of 1 mGy, which is close to the normal dose of conventional mammography. If a tripleexposure technique is applied, it may lead to increased risk of motion artifact. An energy-resolving photon-counting detector (PCD), which can subdivide an incident X-ray spectrum into three energy bins, can provide triple-energy radiography, reducing risk of motion. In this research, an easily implementable method was proposed, which extends the method for dual-energy imaging to the method for tripleenergy imaging, to generate the iodine image. It makes use of the calibration phantom image itself, rather than numerical calculation. The proposed method does not require the priori knowledge of the spectrum shape and the tissue attenuation, which can reduce the complexity of implementation. In terms of dose, imaging parameters were selected to meet the dose level of conventional mammography. It should be noted that this study is an extension of the author's previous research [16] .
Method and Materials

Brief Background Scheme
When an imaged object does not contain k-edge contrast material, the transmitted intensity can be modeled as follows:
where I tr is transmitted intensity, E i is the ith photon energy spectrum, S o (E) is the incorporation of incident X-ray intensity and detector gain at photon energy E, μ glan (E) is the attenuation coefficient of glandular tissue at energy E, μ adi (E) is the attenuation coefficient of adipose tissue at energy E, t glan is the thickness of glandular tissue, and t adi is the thickness of adipose tissue. In Eq. 1, there are two unknown variables (t glan and t adi ). Therefore, two measurements of the transmitted intensity at photon energy spectrum E 1 and E 2 (I tr (E 1 ) and I tr (E 2 )) are enough to solve Eq. 1. This concept can be illustrated in Fig. 1 . Two measurements I 1 ′,I 2 ′ of the target object, one for each energy bin, are mapped onto the corresponding surfaces of potential solutions; then, we can draw two lines on S 1 and S 2 as displayed in Fig. 1 . All points on the drawn line of surface 2 ) are drawn on the accordant surfaces of energy bin 1 and energy bin 2 (S 1 ,S 2 ), respectively. As the lines are projected onto a 2D plane consisting of (t glan ,t adi ), the line drawn on S 1 can be considered as a set of possible solutions to Eq. 1 at E 1 . In the same way, the line drawn on S 2 can be considered as a set of possible solutions to Eq. 1 at E 2 . If the two lines, which correspond to measurements I 0 1 and I 0 2 in energy bins E 1 and E 2 , respectively, intersect at one point, then the corresponding material thicknesses at the point give the common solution to Eq. 1 in both E 1 and E 2 . This problem corresponds to a two-dimensional (2D) case. The precise explanation of a 2D case is provided in [17] .
If the target imaging object contains a k-edge contrast material, the practical relation expressed in Eq. 1 should be adjusted as follows [16] :
where μ glan (E) is the attenuation coefficient of glandular tissue at energy E, μ adi (E) is the attenuation coefficient of adipose tissue at energy E, μ I (E) is the attenuation coefficient of kedge contrast agent (iodine) at energy E, t glan is the thickness of glandular tissue, t adi is the thickness of adipose tissue, and t I is the thickness of iodine. In Eq. 2, there are three unknown variables (t glan , t adi , and t I ), and I tr (E 1 ), I tr (E 2 ), and I tr (E 3 ), three measurements of the transmitted intensity at photon energy spectra E 1 , E 2 , and E 3 , are enough to solve Eq. 2. For one means that the surfaces intersect at one point in the 3D space. This corresponds to an extension of a 2D case described in Eq. 1 to a 3D case.
Material Decomposition Using Reference Phantom
Constructing the Surface of Possible Solutions
For calibration, the calibration phantom images of three energy bins were acquired. In Fig. 2 , the calibration phantom is displayed. The phantom is designed to range in thickness from 2 to 9 cm so that they include a wide range of breast thicknesses. It also has the range in ratio of glandular and adipose material from 0 to 100 % at a particular thickness. Iodine equivalent slab phantom of a specific concentration is attached to the bottom of the calibration phantom. As the calibration phantom is composed of three materials, Eq. 2 can be applied to the phantom.
As can be seen in Fig. 2 , while the calibration phantom has a continuous mixture of adipose and glandular equivalent tissue, its iodine equivalent tissue has discrete concentrations. Therefore, we have to estimate the effect of an arbitrary iodine concentration on the calibration phantom image using a few images of calibration phantoms with specific iodine concentration. Varying the concentration of iodine slab phantom, many calibration phantoms could be constructed, and each calibration phantom had its specific iodine concentration. Suppose we have three calibration phantoms with iodine concentrations of 0, 5, and 10 mg/ml, and three images for each calibration phantom, one for each energy bin, are acquired then, we have nine calibration phantom images. Considering the three images of the low-energy bin, each calibration phantom image has different pixel values at the same location. In the same way, a particular pixel value of an imaged object will correspond to different locations on the three phantom images. This is shown in Fig. 3a , b. In Fig. 3a , locations that correspond to a pixel value are marked on a low-energy calibration phantom image with 0 mg/ml concentration iodine slab. In Fig. 3b , locations that are marked on low-energy calibration phantom images with 0, 5, and 10 mg/ml iodine slabs are combined and drawn together to illustrate that a particular pixel value of an imaged object corresponds to different locations due to iodine concentration differences. Here, the locations appear to be three curves on the reference phantom. Each curve corresponds to each phantom with a specific iodine concentration.
Similarly, suppose we have infinitely many calibration phantoms with infinitely small increments in iodine concentration. Then, infinitely many curves will be drawn on the phantom, which will constitute a surface. In short, we can draw a surface in 3D space that interpolates those curves in Fig. 2 A reference phantom with thickness variation and glandular rate variation. The phantom is designed to range in thickness from 2 to 9 cm so that they include a wide range of breast thicknesses. It also has the range in ratio of glandular and adipose materials from 0 to 100 % at a particular thickness. At the bottom, an iodine equivalent slab phantom is attached Fig. 3 In a, locations that correspond to a pixel value marked on a calibration phantom image with a 0-mg/ml iodine slab are drawn. In b, locations that are marked on calibration phantom images with 0, 5, and 10 mg/ml iodine slabs are combined and drawn together. c A surface is created, interpolating curves in b. The colorbar indicates the iodine concentration (mg/ml) Fig. 3b for a pixel value. Various interpolation techniques can be used to plot the surface. In this study, a linear interpolation method was used. The surface drawn in 3D space is shown in Fig. 3c as a colormap. This surface corresponds to a set of possible solutions of (t glan , t adi , and t I ) to Eq. 2 in the lowenergy bin (energy bin1). In the same way, surfaces in the middle-energy bin and high-energy bin can be also drawn for a pixel.
Combining the Constructed Surfaces
We can draw a surface in each energy bin for a pixel as shown in Fig. 4 . Surfaces for the low-energy, middle-energy, and high-energy bin (S 1 ,S 2 ,S 3 ) are shown in Fig. 4a, b , c, respectively. Each surface has different shape. As explained in the background scheme section, three energy bin images are required to discriminate three materials. Similarly, if we combine the three constructed surfaces constructed in each energy bin, the three surfaces in 3D space intersect at one point if there exists a solution. The intersection point can be found by finding the minimum x of the following equation.
where |⋅| indicates absolute distance, S i is the surface in the ith energy bin. In this study, the three energy bins (energy bins 1, 2, and 3) were used, and they can be considered the low-, middle-, and high-energy bins, respectively. The location of the intersection point indicates the estimated iodine concentration, the estimated glandular tissue thickness, and the estimated adipose tissue thickness, which gives the solution to Eq. 2. Because the iodine slab phantoms of different concentrations have the same size (thickness and area), the variation of iodine concentration in the target object can be converted to the thickness variation at the same iodine concentration in the calibration phantom.
Experiments
This research aimed to quantify the concentration of iodine mass in breast phantom. For calibration, three calibration phantoms with iodine concentration of 0, 5, and 10 mg/ml were prepared. To simulate iodine mass in the real breast, eight cylindrical holes in one breast slab (Model 020, CIRS, Inc.) were made, and the holes were filled with materials that mimic the X-ray attenuation of various concentrations of iodine, which were also provided by CIRS. The iodine inserts have a cylindrical shape, 1 cm in diameter and 1 cm in height. The thickness (height) of iodine inserts is the same with that of one breast slab phantom. The iodine concentrations of iodine inserts were 4, 6, 8, and 10 mg/ml in pairs to fill eight holes in the slab phantom. One-cm thickness breast phantoms of random marbling were stacked on the breast slab phantom with iodine inserts. For example, four breast phantoms were stacked on the breast phantom with iodine inserts to make a 5-cm-thick phantom, and five phantoms were stacked on the phantom with iodine inserts to make a 6-cm-thick phantom. In Fig. 5 , the breast slab phantom is shown.
For image acquisition, a proof-of-concept photon-counting mammography system was built using a pixelated CdTe PCD (made by DxRay, Inc., Northridge, CA, USA) and a X-ray tube (made by Varian X-Ray Products, Salt Lake City, UT, USA). The source to image distance (SID) of the system was 65 cm, like that of commercial mammography. The PCD can set four energy thresholds, and subsequently, it can have four energy bins. The X-ray tube has tungsten anode and an Ag 0.03-mm inherent filter. The images were acquired at 49kVp, 8mAs, and three energy bins were used (20-26, 26-30, 35 -49 keV) as low-energy bin, middle-energy bin, and highenergy bin. After image acquisition of the breast phantoms, the proposed method was applied to the acquired images, and the concentrations of iodine inserts in the breast phantoms were quantified. It should be noted that the breast images and the estimated iodine concentrations were low-pass filtered to reduce noise since the goal of this research is to quantify the iodine concentration in breast mass, which is 1 cm in size. A Gaussian filter of 9×9 size was employed as the low-pass filter. For evaluation, the average value and the relative error of estimated iodine concentration were calculated in each region of interest (ROI). ROI is defined as the region of 5× 5 mm in each iodine insert, and the relative error is defined as
where I c is the estimated iodine concentration, I s is the desired concentration of iodine, and n is the number of pixels in ROI to calculate I c and I s . The meaning of relative error is the percentage of error in estimating the iodine concentration, normalized by the desired concentration and averaged over ROI. For example, suppose that the desired concentration is 8 mg/ml and the relative error is 25 % then the average estimation result should be 6 or 10 mg/ml. The mean value of total tissue thickness values of the breast slab phantoms was also quantified. The total tissue thickness indicates the sum of adipose tissue thickness and glandular tissue thickness. It was done to show that estimated iodine concentration does not depend on glandular ratio, considering that the breast thickness is the sum of adipose tissue and glandular tissue.
Results
Using the images of the reference calibration phantom, the proposed method was applied to the images of the breast slab phantoms with iodine inserts to estimate the iodine concentration. Concentrations of iodine inserts in 5, 6, and 7 cm breast phantoms were estimated and quantified by relative error, which is defined in Eq. 4, and the results are plotted in Figs. 8 and 9. For illustration, the acquired low-energy image of a 5-cmthick breast phantom with iodine inserts is displayed in Fig. 6a. In Fig. 6b , estimated iodine concentrations are presented as a colormap image. In Fig. 6c , an estimated tissue thickness map is presented as a colormap image. Tissue thickness is the sum of thicknesses of adipose tissue and glandular tissue. We can see that the background regions are about 5 cm in height, while the regions of iodine inserts are about 4 cm in height, regardless of iodine concentration. Considering that iodine inserts are 1 cm in height, the proposed method could quantify tissue thickness successfully. Even though glandular ratio varied, iodine concentration estimation was not affected, and the sum of glandular tissue and adipose tissue did not vary.
In Fig. 7a , estimated iodine concentrations of a 5-cm breast phantom are presented with a yellow centerline, and the profile of the iodine concentrations is shown in Fig. 7b . From the left, the true concentrations of iodine inserts are 4, 6, 8, and 10 mg/ml.
The estimated iodine concentrations were close to the true concentrations of iodine inserts as can be seen in Fig. 7b .
In Figs. 8 and 9 , the results are shown in graphs. In Fig. 8a , the estimated iodine concentration denotes the average value of ROI in each iodine insert.
The standard deviation of each ROI was also calculated to show error bound in Fig. 8b, c, d . Considering the results shown in Fig. 8a , we can infer that the estimated iodine concentrations follow the desired values, regardless of breast thickness. R 2 values and the estimated trend lines were also displayed in Fig. 8b, c, d . An R 2 value larger than 0.9 means that the trend line is reliable.
However, the average value of each ROI seems to show some bias. In Fig. 8b, c, d , we can see that the error bound does not seem to depend much on the desired concentration. That seems to be related with the fact that the relative error was larger in 4-mg/ml cases. In Fig. 9, a 4 -mg/ml case shows the largest relative error, which shows the combined effect of the average value and the standard deviation. As the concentration of iodine increases, the relative error shows a tendency to decrease. In Fig. 9 , the trend line is drawn based on the data at 6, 8, and 10 mg/ml. The trend line shows large deviation at the data at 4 mg/ml. This seems to be related with the minimum detectable iodine concentration [24] , which was 4 mg/ml in concentration. The total thickness values of the breast slab phantoms were also evaluated, and the results are summarized in Table 1 . In Fig. 10b , the profiles of the estimated thickness of breast phantoms are displayed. We can see that the difference in thickness between the background region The estimated mean glandular dose (MGD) for each case is shown in Table 2 , following the dose calculation method by Dance [18, 19] . The breast thicknesses were 5, 6, and 7 cm.
Due to the random pattern of a breast phantom, the average glandular ratio could not be exactly calculated.
Thus, MGD was estimated assuming that the breast phantoms have 50 % glandular ratio. Because PCD was used, it was not necessary to acquire images several times to get a high-energy image or a low-energy image.
Just one exposure provided images at each energy bin.
Considering the results, the proposed method could quantify iodine in breast phantom using PCD.
Discussion
To facilitate detection and characterization of lesions in the breast, dual-energy imaging methods using an intravenous contrast medium have been suggested. However, the overlapping of normal breast tissue can limit the visibility of iodine in dual-energy imaging. While three variables are required as the breast consists of three materials, adipose and glandular Furthermore, attenuation coefficients of a breast tissueequivalent phantom, which is widely used for calibration, mimic the average value of attenuation coefficients of individual breast tissue [20] . This indicates that individual breast tissue shows variation of attenuation coefficient. For example, the attenuation coefficients of an individual glandular tissue There also exists considerable variation in the attenuation coefficients reported in the various studies [24] . To adaptively quantify the amount of contrast material in breast, a priori knowledge of the breast thickness for each pixel is required. However, it is also known that the built-in thickness measurement is not accurate in many clinical mammography systems which employ a spring-loaded paddle [8, 9] . Therefore, a triple-energy method is employed, which can provide a third image to overcome the limitation of the dual-energy method. Here, it is assumed that the attenuation coefficients of iodine do not have variation among individuals, for iodine is not a biological material. The images of the calibration phantom with iodine concentrations of 0, 5, and 10 mg/ml were acquired. Breast phantoms used in this study included iodine inserts of 4, 6, 8, and 10 mg/ml in concentration. Considering the previous researches related with the iodine concentration in a blood vessel [25] [26] [27] [28] [29] [30] , it was assumed that the concentration of iodine ranges from 4 to 10 mg/ml in the breast. An amount of 4 mg/ml was set as the lowest concentration considering the minimum iodine concentration used for k-edge subtraction mammography [25] . As for the shape of lesions, the cylinder-like lesion used in this research will give clear sharp edges with a well-defined volume. If lesions were like spiculated spheres, things might be somewhat different. It would be more difficult to detect lesions because of irregular shape and thickness. However, it should be noted that the proposed method is focused more on quantifying the concentration of iodine than on detecting lesions. In fact, in If the lesions had a spiculated shape, it would surely be more relevant to a real clinical situation. However, it would also be very difficult to know the desired value of iodine concentration perfectly due to its irregular shape. It seems that a cylinder-like phantom, used in this research, is appropriate for the estimation and the comparison with the desired value, for it has uniform thickness. If the lesions were spiculated sphere and the perfect knowledge about the desired thickness and the concentration of the lesions were given, this research could be more relevant to a realistic situation. Thus, we consider that the future work to deal with more realistic lesion simulations is necessary.
In terms of the size of an iodine insert, the iodine inserts are designed to be 1 cm in diameter and 1 cm in height. It is known that the size of stage 1 breast cancer is less than 2 cm in diameter [31] . Thus, it seems that a 1-cm-thick cylinder phantom, which is used in this research, can be used to test the detectability of iodine in a lesion, considering the size of stage 1 breast cancer.
The result shown in Fig. 10 indicates that the proposed method could estimate the breast tissue thickness as well as iodine concentration. The estimated tissue thickness in this study is the sum of thicknesses of adipose tissue and glandular tissue. The estimated thicknesses were about 5.11, 5.96, and 6.78 cm in the background region and about 4.25, 5. 15, 6 .02 cm in the iodine insert region for 5-, 6-, and 7-cm breast phantoms, respectively. The difference between thicknesses in the background region and thicknesses in the iodine insert region, which was about 0.8 cm, was caused by iodine inserts. The difference seems to slightly increase as total thickness increases. It may come from the fact that as total thickness increases, the signal from iodine inserts gets relatively reduced.
The limitation of this research is the use of artificial phantoms which may be different from biological tissues. The calibration phantoms and breast phantoms contain known materials and mixtures. However, biological tissues have variations in materials, mixtures, and densities. In some cases, an unexpected variation occurs in biological tissues. In those cases, the materials and their mixtures in biological tissues will be decomposed into the basis materials which were used in this study. In other words, the biological tissues with variations are projected into the three basis materials, leading to possible errors in tissue quantification. However, fortunately, an iodine contrast agent is not a biological material, and it has little variation in attenuation coefficients even when the variation in biological tissues occurs. If the variation in attenuation coefficients occurs, it is from the biological materials, and it affects the estimation of biological material. Due to k-edge, the characteristic of iodine is not affected much by the variation in attenuation coefficients among individuals.
It should be noted that this study is a preliminary study to use PCD for the quantification of iodine and tissue thickness in mammography. PCD optimization was not complete, especially for selecting optimal energy threshold values. If optimal energy threshold values for PCD are set, it may produce better results [32] . It is our ongoing research to optimize PCD and to apply the proposed method to biological tissues.
Conclusions
Possible limitations of current dual-energy CEDM come from the overlapping of breast tissue structures, and the fact that two images acquired with dual-energy CEDM provide a solution for two materials-adipose and glandular tissues. To alleviate the limitations of dual-energy CEDM, triple-energy CEDM, which can provide a third image, was used. A photon-counting detector could provide triple-energy radiography with reduced risk of motion artifact. An iodine quantification method for breast imaging was suggested, and it was applied to breast phantom with different iodine concentrations. The result shows that the proposed method could quantify the concentration of iodine inserts in breast phantom accurately, which simulate lesions filled with different iodine concentrations in the breast.
